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Long-term changes in nitrate concentration and ﬂux between the middle of the 20th century and the ﬁrst
decade of the 21st century were estimated for the Des Moines River and the Middle Illinois River, two
Midwestern Corn Belt streams, using a novel weighted regression approach that is able to detect subtle
changes in solute transport behavior over time. The results show that the largest changes in ﬂow-normal-
ized concentration and ﬂux occurred between 1960 and 1980 in both streams, with smaller or negligible
changes between 1980 and 2004. Contrasting patterns were observed between (1) nitrate export linked
to non-point sources, explicitly runoff of synthetic fertilizer or other surface sources and (2) nitrate
export presumably associated with point sources such as urban wastewater or conﬁned livestock feeding
facilities, with each of these modes of transport important under different domains of streamﬂow.
Surface runoff was estimated to be consistently most important under high-ﬂow conditions during the
spring in both rivers. Nitrate export may also have been considerable in the Des Moines River even under
some conditions during the winter when ﬂows are generally lower, suggesting the inﬂuence of point
sources during this time. Similar results were shown for the Middle Illinois River, which is subject to sig-
niﬁcant inﬂuence of wastewater from the Chicago area, where elevated nitrate concentrations were asso-
ciated with at the lowest ﬂows during the winter and fall. By modeling concentration directly, this study
highlights the complex relationship between concentration and streamﬂow that has evolved in these two
basins over the last 50 years. This approach provides insights about changing conditions that only
become observable when stationarity in the relationship between concentration and streamﬂow is not
assumed.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).1. Introduction
High concentrations of nitrate in streams is a signiﬁcant driver
of eutrophic conditions and corresponding hypoxia in many receiv-
ing waters, including Chesapeake Bay (Boesch et al., 2001) and the
Gulf of Mexico (Turner et al., 2006). While nitrogen, especially as
nitrate, is generally present in low concentrations in pristine
streams, excessive nitrate concentrations in streams are governed
to a large extent by the impact of anthropogenic inﬂuences that
have been in place for decades, especially from the use of synthetic
nitrate fertilizer and the changing quality and extent of wastewater
treatment (Carpenter et al., 1998; Galloway et al., 2003). Despite
the long-term nature of these types of human impacts, most effortsto evaluate the effects of human activities affecting nitrate delivery
to surface waters are based on data from relatively short time
frames consisting of a few decades only, generally dating back to
the 1970s or 1980s at the longest (Sprague et al., 2011). This paper
provides a longer-term (e.g. more than 50 years) historical per-
spective on nitrate concentrations in two streams—the Des
Moines River and the Illinois River—that are currently subject to
excess nitrate conditions in an effort to provide greater under-
standing of how these conditions have developed over time.
For this study we focused on describing and evaluating changes
in the relationship between concentration and streamﬂow for two
streams in the Corn Belt region of the U.S. The study includes the
period from just prior to 1960 to the ﬁrst decade of the 21st cen-
tury, which incorporates two key factors affecting nitrate delivery
to these streams: the introduction of synthetic nitrogen fertilizer
and corresponding development of intensive corn agriculture in
the Midwest, and investments in wastewater treatment
560 V. Kelly et al. / Journal of Hydrology 525 (2015) 559–571technology. The analysis is essentially exploratory, though rigor-
ous, with the assumption that a descriptive approach is suitable
to examine the key patterns of nitrate export within the dynamic
context of changing anthropogenic sources, potentially com-
pounded by changing streamﬂow conditions during this time
frame.
The analysis presented here is focused on the following ques-
tions: What changes in streamﬂow and nitrate conditions have
occurred over the relevant period of record for these streams?
Has the relationship between nitrate concentration/ﬂux and
streamﬂow changed? What kind of seasonal patterns occur? How
do changing ﬂow patterns interact with changing nitrate sources
to generate patterns of nitrate export?
1.1. Description of study area
Stations were selected from the Century of Trends project of the
U.S. Geological Survey (USGS) that compiled historical water-qual-
ity data, including nitrate, from a range of streams subject to a
diverse set of anthropogenic inﬂuences (Stets et al., 2012). Two
Midwestern Corn Belt tributaries to the Mississippi River were
selected for this analysis: the Des Moines River (referenced to
the USGS stream gage at Keosaqua, Iowa) and the Illinois River
(the Middle Reach referenced to the USGS stream gage at Peoria,
Illinois; hereafter termed the Middle Illinois River). Both the Des
Moines River and the Illinois River drain highly agricultural water-
sheds while the Illinois River is also signiﬁcantly affected by urban
sources since its watershed encompasses the metropolitan area of
Chicago (Stets et al., 2012). Nitrate export from both of these rivers
is of concern because these basins represent some of the principal
source areas for nitrate delivered to the Mississippi River (which is
implicated in generating hypoxic conditions in the Gulf of Mexico)
despite their relatively small proportion of the total drainage area
for the Mississippi River (Goolsby et al., 1999).
The watershed for the Des Moines River encompasses nearly
37,500 km2, and the area for the Middle Illinois River is comparable
in size (about 41,000 km2, Stets et al., 2012). Streamﬂow is higher
in the Illinois River, averaging approximately 450 cubic meters per
second (m3/s) in the Middle Illinois River during the period of
record for this analysis, or about twice that of the Des Moines
River, which averaged approximately 210 m3/s for the comparable
period. A factor in the higher water ﬂows in the Illinois River has
been the re-engineering in the early 20th century of the Chicago
and Calumet Rivers, which carried sewage wastes from the
Chicago area, to ﬂow into the Illinois River instead of Lake
Michigan to protect the city’s drinking water supply (Stets et al.,
2012). Additional water has been diverted from Lake Michigan
via the Chicago Sanitary and Shipping Canal, beginning in 1900,
to further dilute sewage wastes and protect downstream water
users.
Human inﬂuences reﬂected in land use and land cover show
important similarities and differences between these river basins.
Both the Des Moines and Middle Illinois River basins have been
predominantly developed as cropland over the entire course of
the 20th century (Fig. 1A). At the beginning of the century, more
than 70 percent of both basins were in cropland and notwithstand-
ing a decline in the 1930s, this pattern was largely sustained
throughout the century (data sources described in Stets et al.,
2012). While corn has been grown in these basins throughout
the 20th century, its importance has increased signiﬁcantly since
about 1950 (Fig. 1B). This growing dominance of corn production
was associated with a change in fertilizer use, which was exclu-
sively from animal sources prior to the development of synthetic
nitrogen (N) fertilizer in 1947. As more land was converted to
cropland during the late 19th century, the input of nitrogen from
animal sources increased as well (Fig. 1C). After the turn of thecentury, N inputs from animal sources remained fairly consistent,
showing a slight decline during the next few decades that was fol-
lowed by another increase to about the same levels by the 1960s.
Much of this was associated with the growing prevalence of con-
ﬁned animal facilities (CAFOs), especially related to hog production
in the Des Moines River Basin (Stormont, 2004), although animal
sources of N generally declined through the remainder of the cen-
tury, especially in the Middle Illinois River basin. After 1950, N
application from synthetic fertilizer sources increased signiﬁcantly
from essentially zero in both river basins, reaching 4 g/km2 by
1970 and approximating 6 g/km2 through most of the 1980s and
1990s (Fig. 1D). With the additional consideration of N contributed
from animal sources, the combined areal N input increased to
approximately 8 g/km2 in the Des Moines River in 1997–2001,
and approximately 7 g/km2 in the Middle Illinois for the same per-
iod (Stets et al., 2012).
Urban development has exerted a large inﬂuence on the Middle
Illinois River while little corresponding urban development has
occurred in the Des Moines River. Population density increased
steadily throughout the 20th century in the Illinois River Basin
(exceeding 200 people/km2 or more than 8 million people in
2000) while remaining consistently lower by an order of magni-
tude (20 people/km2 or about 750,000 people) in the Des Moines
River Basin (Fig. 1E). In particular, the Chicago metropolitan area
has played an important role in determining water quality in the
Illinois River, especially since sewage wastes from the metropoli-
tan area were directed to ﬂow into the river instead of Lake
Michigan at the turn of the 20th century (Stets et al., 2012).
2. Methods
No perfect analytical method exists to evaluate the available
data, which are characterized by data gaps and changing sampling
and analytical methods over the course of multiple decades. This
analysis utilized a weighted regression of concentration on time,
discharge, and season (WRTDS) approach to better extract infor-
mation from the data without assuming stationary conditions,
thereby identifying the general direction of observed changes over
time in these long-term datasets (Hirsch et al., 2010). This method
constructs a highly ﬂexible statistical model of concentration as a
function of time, discharge and season using robust smoothing
techniques. Fluxes were then determined from the multiplication
of discharge and the estimated concentration derived from the
WRTDS model rather than as a function of a regression model, as
is more commonly done (Cohn et al., 1992).
The analysis proceeded in several steps, including (1) compila-
tion of data for nitrate concentration and streamﬂow for the long-
est coincident time frame that was available; (2) evaluation of
streamﬂow conditions in terms of selected annual ﬂow percentiles
to assess seasonal patterns and general changes over time; (3) esti-
mation of nitrate concentrations using a weighted regression
approach; and (4) use of estimated concentrations to calculate esti-
mated nitrate loads.
Estimated timeseries of concentrations were examined as a
function of streamﬂow in detail for three years that encompass
the full range of WRTDS model results as well as key factors related
to the development of excess NO3 in these streams. While these
three years do not capture or fully represent nitrate conditions
across the entire period of record, they do provide important
insight into conditions at key moments: 1960 (near the beginning
of nitrate fertilizer application; 1980 (near the peak of fertilizer
application); and 2004 (near the end of the period of study).
Patterns of nitrate export (or cumulative load distribution) as a
function of streamﬂow were examined for each of these years to
provide some context for potentially changing interactions
between export and ﬂow.
Fig. 1. Time series for annual proportions of watershed in cropland, nitrogen watershed loading from animal sources and synthetic fertilizer, population density and corn
harvest in the Des Moines River and the Middle Illinois River. A. Proportion of watershed in cropland. B. Corn harvest. C. Nitrogen from animal sources. D. Nitrogen from
fertilizer. E. Population density. Data from Stets et al. (2012).
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The U.S. Geological Survey has recently collected historical NO3
data for 26 river reaches across the continental U.S., including the
Des Moines River and Middle Illinois River (Stets et al., 2012). Data
from these sites were screened to assure that they were appropri-
ate for use with WRTDS in this analysis, especially focused on data
availability prior to the middle of the 20th century. Special concern
was focused on the completeness and length of the streamﬂowrecord and the sample size for NO3 data (Table 1). In order to max-
imize the period of record for NO3 data, the stream reaches
selected were deﬁned by data from a number of sites that are in
proximity with a single streamﬂow site presumed to describe con-
ditions in the stream reach. Details on the speciﬁc sources of the
NO3 and streamﬂow data used in this study are provided in Stets
et al., 2012.
The period of streamﬂow record overlapping with NO3 data was
continuous and reasonably consistent between the two sites, with
Table 1
Site information [period of record in water years (October–September)].
Des Moines
River
Middle Illinois
River
USGS discharge station number 05490500 05568500
Period of record for discharge
used in this analysis
1937–2010 1942–2008
Period of record for nitrate
used in this analysis (n)
1939–2008 (398) 1945–2005 (839)
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River (1937–2010) compared with that for the Middle Illinois
River (1942–2008). All data within the deﬁned periods were used
in calibrating the WRTDS model, though model results were
excluded from further analysis prior to 1960 because of gaps in
the NO3 record in the Des Moines River data, and the late 1990s/
early 2000s because of gaps in the NO3 record in the Middle
Illinois River. This resulted in a ﬁnal N for the Des Moines River
of 339 nitrate values between 1960 and 2004, distributed among
all the seasons (mean = 8 per year), and a ﬁnal N for the Middle
Illinois River of 757 nitrate values for the same time period, dis-
tributed among all the seasons (mean = 17 per year).
2.2. Analysis of streamﬂow conditions, concentrations and ﬂuxes
General and seasonal differences in streamﬂow patterns
between the two rivers were evaluated with ANOVA. Long-term
trends in streamﬂow were evaluated by Kendall tau correlations
for low ﬂow (deﬁned by the 25th percentile), median ﬂow, and
high ﬂow (deﬁned by the 75th percentile) across decades by cate-
gory of ﬂow. Seasonal patterns were evaluated from box plots.
Evaluation of the contribution of ﬂow to the Middle Illinois River
from the Chicago Canal (USGS site 05537000) was done by com-
puting the proportion of ﬂow from the canal in the river on the
same day and examining the seasonal patterns for the period
1960–2004. Additionally, the potential changes in this contribution
were evaluated by Kendall tau correlation analysis for median sea-
sonal proportions by decade over time.
Nitrate concentrations were available from the end of the 19th
century (for the Middle Illinois River) and early decades of the 20th
century (for both rivers), prior to the availability of streamﬂow
data. In order to capture the full information describing nitrate
conditions, these data were evaluated simply as observed concen-
trations even though they could not be used for the WRTDS model.
Where observed concentration data overlapped with streamﬂow
data within a minimum of three years, weighted regressions based
on the WRTDS method (Hirsch et al., 2010) were developed to esti-
mate nitrate concentrations for every day of the period of dis-
charge record for each site (Table 1). Concentration was modeled
as
lnðcÞ ¼ b0 þ b1t þ b2lnðQÞ þ b3sinð2ptÞ þ b4cosð2ptÞ þ e ð1Þ
where ln is natural log, c is concentration (mg/L), bI are ﬁtted coef-
ﬁcients, t is decimal time, Q is daily mean streamﬂow (m3/s), and e
is unexplained variation. The weights for the regression coefﬁcients
for each dimension of the model were computed with the Tukey tri-
cubed weight function (Tukey, 1977). The half-window widths for
each component were deﬁned as 10 years for time, 0.5 year for sea-
son, and 2 natural log units for discharge; these values were consid-
ered appropriate because they were associated with stable model
results while smaller windows produced oscillations that were
not reliable (Hirsch et al., 2010). In the WRTDS approach, separate
weights are determined for each component and the overall weight
to be used in the regression is calculated as the product of the three
component weights. In this way, if any of the weights for a datapoint drops to zero, the overall weight is zero. See Hirsch et al.
(2010) for additional details on the development of weights.
This process reﬂects a key difference from a standard approach
to modeling concentration and ﬂux, which is that the relations
among concentration, streamﬂow, and time/season are ﬂexible
depending on the observed data. As a result, both the magnitude
and the sign of coefﬁcients are free to change over time, thereby
allowing the identiﬁcation of inﬂection points where the response
of concentration to streamﬂow and/or time may be reversed. In
this way, model results provide information speciﬁcally on the
potential for a changing relationship between streamﬂow and con-
centration that is not available when that relationship is assumed
to conform to the same shape over time.
Because nitrate is highly responsive to streamﬂow, ﬂow-nor-
malized (FN) estimates were also computed for both concentration
and ﬂux in order to remove variation due to random variability in
streamﬂow. The assumption was that observed streamﬂow on any
particular day represents a sample from the probability distribu-
tion of all streamﬂow values associated with that particular day.
Once a weighted regression equation was determined for a speciﬁc
day, FN estimates were computed as the mean of all concentrations
estimated by that equation for each of the historical streamﬂow
values for that day of the year. FN ﬂux estimates were derived as
the mean of the estimated ﬂux values estimated by the same set
of weighted regressions. Particular emphasis in this analysis was
placed on FN estimates of concentration and ﬂux because they
are more stable than non-FN estimates. Additionally, because the
effect of random variation due to streamﬂow is removed, FN esti-
mates provide more information on the effects of factors other
than streamﬂow variability that affect nitrate transport. All esti-
mated and FN concentrations and ﬂuxes are reported in units of
nitrate as nitrogen.
Based on the water year, annual means were determined from
daily streamﬂow values and estimates of FN concentration, and
annual totals were determined from daily estimates of FN ﬂux.
These summaries allowed changes in annual values over time
between selected years to be evaluated in three ways:
Net change ¼ xt2  xt1 ð2Þ
where x is annual mean value from year ti,
Net change in percent ¼ ðxt2  xt1 Þ
xt1
 
 100 ð3Þ
and
Rate of change in percent per year
¼ ðxt2  xt1 Þ
xt1
 
 100
 
n ð4Þ
where n is t2  t1.
Scatter plots of estimated daily ﬂow-normalized nitrate concen-
trations were plotted as a function of streamﬂow over time for
1960, 1980, and 2004. Lines on each graph depict the magnitude
of low ﬂow (25th percentile), moderate ﬂow (median) and high
ﬂow (75th percentile), calculated for the speciﬁc year.
Simultaneous plots of mean daily streamﬂow and ﬂow-normalized
concentration and ﬂux were also evaluated for 1960, 1980, and
2004; to provide a comparable scale for these comparisons, each
value was normalized by the maximum for the target time period
as follows:
b ¼ xij
xmaxj
ð5Þ
where b is the normalized value, xij is the original value for that
parameter, and xmaxj is the maximum value for that parameter.
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was examined as a function of mean daily streamﬂow by the
selected years to evaluate how characteristics of nitrate export
may have changed with time in each basin. These were computed
as the cumulative sum of daily nitrate ﬂux as a function of
increasing streamﬂow.
All statistical analyses were conducted using SAS software,
version 9.3; WRTDS analysis was conducted using R.Table 2
Kendall tau correlation coefﬁcients for selected streamﬂow statistics with decade
(25th percentile represents low ﬂow; median represents moderate ﬂow; 75th
percentile represents high ﬂow; r = Kendall correlation coefﬁcient; p = signiﬁcance
level).
River 25th
percentile
Median 75th
percentile
r p r p r p
Des Moines 0.80 0.05 0.60 0.14 0.80 0.05
Middle Illinois 0.20 0.62 0.60 0.14 0.40 0.333. Results
3.1. Streamﬂow conditions
Streamﬂow variability during the period of this analysis was
greater in the Des Moines River, where the mean annual ﬂow
was 205 m3/s (coefﬁcient of variation = 132) compared to ﬂow in
the Middle Illinois River (mean annual ﬂow of 460 m3/s, coefﬁcient
of variation = 75) (Fig. 2A and B). ANOVA results show highly sig-
niﬁcant (a = .0001) differences in coefﬁcient of variation for mean
daily streamﬂow between the two rivers. Strong seasonal variation
was also shown, especially pronounced for the Des Moines River
(a = .0001), where the lowest ﬂows occurred in the fall and winter,
with higher ﬂows during the spring and summer (Fig. 3A). Median
ﬂows in the fall and winter were 66 m3/s and 67 m3/s, respectively,
while median ﬂows in the spring and summer were larger byFig. 2. Mean daily streamﬂow. A. Des M
Fig. 3. Mean daily streamﬂow by season. A. Dapproximately fourfold (290 and 240 m3/s, respectively).
Signiﬁcant seasonal patterns were also observed for the Middle
Illinois River (a = .0001), although they were less pronounced
(Fig. 3B). Median streamﬂow was lowest in the fall (220 m3/s)
and highest during the spring (640 m3/s) while comparatively
lower during the summer (290 m3/s) and higher during the winter
(340 m3/s).
Evaluating changes in ﬂow levels across decades over the period
of this analysis, we observed contrasting patterns between the two
rivers. A signiﬁcantly (a = .05) positive trend was detected in both
low and high ﬂows (25th and 75th percentile, respectively) for the
Des Moines River, while no signiﬁcant trends were detected for
moderate ﬂows (median) or for any ﬂow categories in the Middle
Illinois River (Table 2). The lack of any change in the Middleoines River. B. Middle Illinois River.
es Moines River. B. Middle Illinois River.
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input from the Chicago Canal over this time period. Input from this
canal contains some mixture of wastewater from the Chicago
municipal area and dilution water from Lake Michigan. It repre-
sents a large proportion of water in the Middle Illinois River, as
measured by the relative ﬂow in the canal compared to ﬂow in
the river on the same day (not the actual volume) (Table 3). This
proportion is most important during the low-ﬂow periods in the
summer and fall, when the median proportion equals or exceeds
one-third to one-half of the ﬂow in the river at moderate and
higher ﬂows. Input from the canal is less important during the win-
ter and especially during the spring, when streamﬂow volume is
highest. This inﬂuence has decreased over time, showing a signiﬁ-
cant (p < .001) decline for all seasons.
Annual means for streamﬂow for the selected years show con-
trasting patterns to the general trends observed. 1980 was clearly
and signiﬁcantly (p < .0001) a low-ﬂow year for the Des Moines
River where the annual mean was nearly 40 percent less than the
mean observed during 1960 (Table 4). Flow conditions during
2004 were more comparable to 1960 though slightly reduced,
showing an increase of nearly 50 percent compared to 1980. In
contrast, less change was observed for annual means across theTable 3
Range of seasonal proportion of ﬂow in Middle Illinois River from Chicago Canal
(USGS site 05537000) for the period 1945–2005.
Season 25th percentile median 75th percentile
Winter (December–February) 0.12 0.21 0.31
Spring (March–May) 0.10 0.14 0.22
Summer (June–August) 0.19 0.35 0.52
Fall (September–November) 0.21 0.35 0.53
Table 4
Changes in mean annual streamﬂow over selected time periods (ﬂow in cubic meters
per second; std = standard deviation).
River Wyear Mean (std) Change Percent
change
Rate of
change
Des Moines 1960 237 (365)
1980 143 (109) 94 40 1.9
2004 212 (215) 69 48 2
Middle Illinois 1960 496 (276)
1980 423 (270) 73 15 0.74
2004 427 (296) 4 0.9 0.04
Fig. 4. Observed nitrate concentrations. A. Dselected years for the Middle Illinois River. Flow during 1960 was
signiﬁcantly higher (p = .0004) than the other years; the annual
ﬂow for 1980 was less by about 15 percent compared to 1960,
while the annual ﬂow for 2004 was approximately the same
(increased by only 1 percent).3.2. Observed concentrations
Observed nitrate concentrations from the middle decades of the
20th century show a distinct contrast between the two rivers, with
nitrate averaging 0.09 mg/L (N = 43) in the Des Moines during the
1940s and 2.37 mg/L (N = 53) in the Middle Illinois River during
the same decade. Observed concentrations show very large
increases for the Des Moines River over the succeeding years
beginning in 1950, reaching maximum concentrations of 10–
12 mg/L by 1980, and roughly stabilizing after that (Fig. 4A). A sim-
ilar increase was observed for maximum concentrations in the
Middle Illinois River, although the maximum concentration was
somewhat reduced, generally less than 10 mg/L (Fig. 4B). Note that
the distribution of the observed data for both rivers prior to 1960
was skewed toward the fall and winter seasons, so concentrations
from this period are not representative of all seasonal patterns, and
model results were therefore not considered reliable for those
years.3.3. Model diagnostics
Model ﬁt was evaluated based on the residuals (observed values
– estimated values) for concentration, expressed in units of natural
log since that was the form in which the model ﬁtting was con-
ducted. For results from the Des Moines River, the distribution of
residuals indicated that lower concentrations (<1 mg/L) were esti-
mated with less certainty, although the distribution of the residu-
als overall was reasonably uniform (generally within ± two natural
log units) (Fig. 5A). Residuals for higher concentrations were gen-
erally small (±1–2 natural log units), with a few outliers with
greater negative values, reﬂecting greater conﬁdence in these val-
ues despite a tendency toward over-estimation of some concentra-
tions. Estimated ﬂuxes were found to have a slight tendency to be
biased high (Fig. 5B); the ﬂux bias statistic equaled 0.08, indicating
that the mean of the predicted ﬂuxes was 8 percent higher than the
mean of the observed ﬂuxes. This result was considered to be
acceptable.
For the Middle Illinois River, the range of estimated concentra-
tions was smaller, with the lowest values exceeding 1 mg/L, ines Moines River. B. Middle Illinois River.
Fig. 5. Model diagnostics. A. Residuals as a function of estimated nitrate concentration in the Des Moines River. B. Observed and estimated ﬂuxes in the Des Moines River. C.
Residuals as a function of estimated nitrate concentration in the Middle Illinois River. D. Observed and estimated ﬂuxes in the Middle Illinois River.
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a slight tendency toward over-estimation, especially for some esti-
mated concentrations between 2 and 5 mg/L (Fig. 5C). The ﬂux bias
statistic was smaller, equaling 0.03, indicating a generally close
match between the mean of the predicted ﬂuxes and the mean
of the observed ﬂuxes (Fig. 5D).
3.4. WRTDS model estimated FN concentrations and ﬂuxes
Annual means of FN concentrations and ﬂuxes estimated by
WRTDS show similar patterns to the observed concentrations, with
changes to varying extent observed between mid-century and
2004 for both the Des Moines River and the Middle Illinois River.
Statistically signiﬁcant correlations (a = .05) with time were
observed for annual FN concentrations and ﬂuxes in both rivers:
r = .91 (p < .0001) and .65 (p < .0001) respectively for concentra-
tions and ﬂuxes in the Des Moines River; r = .33 (p = .02) and .48
(p = .0003) respectively for the Middle Illinois River. For the Des
Moines River, annual FN concentration changes show a general
pattern of continual increase since 1960, with a period of relative
stability between 1980 and 2000 and subsequent increases
through 2010 (Fig. 6A). Estimated annual concentration values
showed an increase of 1.7 mg/L from 2.5 mg/L between 1960 and
1980, an increase of nearly 70 percent, while estimated annual
ﬂuxes showed a comparable increase of 35 million kilograms per
day (103 kg/day) from 60 103 kg/day over the same period, an
increase of 58 percent (Table 5). These changes correspond to anannual rate of change of about 3 percent per year. Between 1980
and 2004, estimated annual FN concentrations and ﬂuxes contin-
ued to increase in the Des Moines River but more slowly. Annual
concentrations increased by 0.35 mg/L, or about 8 percent, and
annual ﬂuxes increased by 15  103 kg/day or 16 percent over this
time period. This reduction in the rate of change in annual FN con-
centration and ﬂux is shown by the change in the slope of annual
change, which was reduced by an order of magnitude to less than
one percent per year (0.35 and 0.64, respectively) (Table 3).
In contrast, annual FN concentrations increased sharply only
between 1960 and 1970 in the Middle Illinois River and have
remained relatively stable since then, with a slight decline indi-
cated since about 2000 (Fig. 6C). Nonetheless, the changes during
the period 1960–1980 were generally of the same magnitude as
those estimated for the Des Moines River. The increase in esti-
mated annual FN concentrations between 1960 and 1980 was
1.6 mg/L from 2.6 mg/L, a total change of 60 percent, while the
increase in annual ﬂuxes was 85  103 kg/day, or an 83 percent
increase (Table 3). The yearly rates of change were 3 and 4.1 per-
cent/year, respectively, over this time period. Changes in estimated
annual concentrations and ﬂuxes between 1980 and 2004 reﬂect
the general pattern of stabilization shown in Fig. 6C and D, with
a negligible change of 0.073 mg/L and 13  103 kg/day, respectively.
The annual rate of change was similarly reduced to 0.073 and 0.28
percent.
These increases in annual FN concentrations and ﬂuxes were
positively correlated with changing patterns in fertilizer use and
Fig. 6. Annual ﬂow-normalized (FN) concentrations and ﬂuxes. A. Annual ﬂow-normalized concentrations in Des Moines River. B. Annual ﬂow-normalized ﬂuxes in Des
Moines River. C. Annual ﬂow-normalized concentrations in Middle Illinois River. D. Annual ﬂow-normalized ﬂuxes in Middle Illinois River.
Table 5
Net changes in ﬂow-normalized nitrate concentration and ﬂux since mid-century (std = standard deviation).
Stream name Time period Annual mean FN concentration
at beginning of time period (mg/L) (std)
Change in annual mean
FN concentration (mg/L)
Percent change in annual
mean FN concentration
Slope of change
(percent per year)
Des Moines River 1960–1980 2.5 (1.2) 1.7 66 3.3
1980–2004 4.2 (0.91) 0.35 8.4 0.35
Middle Illinois River 1960–1980 2.6 (0.21) 1.6 60 3
1980–2004 4.2 (1.4) 0.073 1.8 0.073
Annual mean FN ﬂux at beginning
of time period (103 kg/day) (std)
Change in annual mean
FN ﬂux (103 kg/day)
Percent change in annual
mean FN ﬂux
Des Moines River 1960–1980 60 (55) 35 58 2.9
1980–2004 95 (59) 15 16 0.64
Middle Illinois River 1960–1980 104 (38) 86 83 4.1
1980–2004 190 (98) 13 6.8 0.28
566 V. Kelly et al. / Journal of Hydrology 525 (2015) 559–571annual corn harvest, with signiﬁcant (a = .005) relationships
observed for both rivers. For FN concentrations in the Des
Moines River, r = .94 (p < .0001) and .83 (p < .0001) for fertilizer
use and annual corn harvest, respectively; for FN ﬂuxes, r = .85
and .68 (p < .0001) for the same. For FN concentrations in the
Middle Illinois River, r = .88 (p < .0001) and .40 (p = .004) for fertil-
izer use and annual corn harvest, respectively; for FN ﬂuxes, r = .92
and .60 (p < .0001) for the same.3.5. Relationship between streamﬂow and estimated FN
concentrations and ﬂuxes
During 1960, FN concentrations in the Des Moines River
showed a clear response to increasing streamﬂow, with highest
concentrations (>3 mg/L) estimated for the spring and early sum-
mer season (April–June) when ﬂows exceeded the 75th percentile
(Fig. 7A). The lowest concentrations (<1 mg/L) were associated
Fig. 7. FN estimated nitrate concentrations in the Des Moines River and the Middle Illinois River as a function of time and streamﬂow for 1960, 1980, and 2004. A.–C. Des
Moines River. D.–F. Middle Illinois River.
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Concentrations showed a pattern of increase during the winter sea-
son that was not associated with increasing ﬂow, ranging from
<1 mg/L in early November to >2 mg/L by the end of January.
Estimated FN concentrations showed a clear increase in general
by 1980, as well as a more complex pattern of relationship with
ﬂow (Fig. 7B). The highest concentrations (>5 mg/L) were esti-
mated across a wide range of ﬂow conditions during the springand early summer, occurring both in response to high ﬂows in
June as well as at low ﬂows in May. Similar to 1960, increases in
concentration (from 3 to 5 mg/L) were estimated during the winter
under relatively stable ﬂow conditions while the lowest concentra-
tions (<3 mg/L) were associated with all levels of streamﬂow dur-
ing the fall season. By 2004, estimated FN concentrations had
increased further overall, with the highest concentrations
(>6 mg/L) associated with generally higher levels of streamﬂow
Fig. 8. Time series of relativized streamﬂow and estimated FN concentrations and ﬂuxes for 1960, 1980, and 2004. A.–C. Des Moines River. D.–F. Middle Illinois River.
568 V. Kelly et al. / Journal of Hydrology 525 (2015) 559–571during the spring and early summer (Fig. 7C). Estimated concentra-
tions continued to show an increasing pattern (from 3 to 5 mg/L)
during the winter that was independent of increasing ﬂow. The
lowest concentrations (<3 mg/L) remained associated with the fall
season, even under high ﬂow conditions.
For the Middle Illinois River, the plot of estimated FN concentra-
tions in 1960 shows a much smaller range in general compared tothe Des Moines River, with a correspondingly less clearly deﬁned
response to streamﬂow (Fig. 7D). Estimated concentrations gener-
ally ranged between 2 and 3 mg/L, with values increasing only
slightly at the highest ﬂows during the spring. The highest concen-
trations (>3 mg/L) were estimated during a winter peak ﬂow event
in January. By 1980, estimated concentrations showed a general
increase similar to that observed for the Des Moines River, as well
V. Kelly et al. / Journal of Hydrology 525 (2015) 559–571 569as a wider range than previously observed (Fig. 7E). The highest
concentrations (>5 mg/L) were associated with the full range of
ﬂow conditions during the spring, while increasing concentrations
(between 2 and 5 mg/L) were estimated for low-ﬂow conditions
during the fall and winter. In 2004, estimated concentrations had
increased further and showed a more complex relationship to ﬂow
(Fig. 7F). The highest concentrations (>6 mg/L) were associated
with the receding limb of high ﬂows during April, extending into
low-ﬂow conditions, and high concentrations (>5 mg/L) were also
associated with low-ﬂow conditions during the winter. Estimated
concentrations also showed responses to increasing ﬂow during
the late fall and early winter, ranging between 3 and 5 mg/L. The
lowest concentrations (<3 mg/L) were estimated during the early
fall across a wide range of ﬂow conditions.
Evaluation of time series of estimated FN concentration and ﬂux
simultaneously with mean daily streamﬂow provides important
insight about the interaction of streamﬂow and different nitrate
delivery processes over these time periods. Fig. 8 shows relativized
values for these parameters so that they can be depicted on the
same graph. In 1960, FN concentrations in the Des Moines River
showed a wide range of variability with the lowest concentrations
in the fall season corresponding to low values for streamﬂow and
FN ﬂux (Fig. 8A). Noteworthy is that estimated FN concentrations
increased to relatively high values during the winter, even though
both streamﬂow and ﬂux remained low. The highest FN concentra-
tions corresponded with the peak in FN ﬂux during the early sum-
mer, corresponding to the period of higher ﬂows. While the range
of estimated concentration was somewhat reduced, this pattern
persisted in 1980when estimated FN concentrations showed a gen-
eral increase during the winter season that was not associated with
increases in streamﬂow or ﬂux (Fig. 8B). Fluxes increased sharply
corresponding to increased ﬂow in early spring as concentrations
remained high and peak values for both concentration and ﬂux
occurred during the early summer when streamﬂow was highest.
By 2004, however, concentrations were relatively lower in the win-
terwhile ﬂuxes continued to track closelywith streamﬂowpatterns,
being highest during the late spring and early summer (Fig. 8C).
For the Middle Illinois River, estimated FN concentrations
showed very little variability in 1960, being relatively constant
throughout the year with highest values during the winter season
(Fig. 8D). High variability in FN ﬂuxes was observed, however,
tracking closely with streamﬂow to peak in the spring while ﬂuxes
were generally low in the fall and winter. A wider range in FN con-
centration was observed in 1980 with higher concentrations
observed in winter and late spring (Fig. 8E). The spring concentra-
tions corresponded with the highest ﬂuxes and generally theFig. 9. Proportion of nitrate export as a function of streamﬂow for 19period of highest streamﬂow. By 2004, even greater variability in
FN concentration was observed, with relatively lower concentra-
tions associated with the late summer and fall season (Fig. 8F).
Estimated FN ﬂuxes appeared to track more closely with FN con-
centrations, especially during the summer and fall.3.6. Nitrate export
Estimated nitrate export curves for 1960, 1980, and 2004 show
distinctly different patterns along the gradient of streamﬂow for
each river (Fig. 9). For the Des Moines River, these curves show a
contrasting pattern of export response to ﬂow that was especially
pronounced during 1980. During 1960 and 2004, about 80 percent
of annual nitrate export occurred under ﬂows greater than the
median ﬂow, with approximately 50 percent associated with high
ﬂow (>75th percentile) (Fig. 9A). Only a small proportion (<10 per-
cent) was associated with low ﬂow (<25th percentile). In contrast,
in 1980 the proportion of annual nitrate export occurring under
low ﬂow conditions was nearly 20 percent, with only about 43 per-
cent occurring under ﬂows greater than the median ﬂow and about
25 percent at high ﬂow.
For the Middle Illinois River, in contrast, no large change in esti-
mated export patterns was indicated across the range of time
(Fig. 9B). A relatively large and consistent proportion (about
0.15) of nitrate export was estimated to be associated with low
ﬂow for all time periods. The estimated proportion of export with
high ﬂow also was also fairly constant (approximately 0.3) over
this time frame. Furthermore, approximately 0.4 of the total nitrate
export was estimated to be associated with the median level of
ﬂow for all time periods, implying a hydrologically constant
pattern.4. Discussion
At least for the Des Moines River, the observed streamﬂow pat-
terns (Table 2) are roughly comparable to what has been reported
for 395 stations across the Nation by Lins and Slack, 1999. They
found increasing minimum and lower domains of ﬂow, as mea-
sured by increases in annual minimum to median ﬂow magnitude,
for most stations that showed signiﬁcant changes. Greater variabil-
ity was associated with annual peak ﬂows, with fewer stations
showing signiﬁcant trends. Their general conclusion was that
streamﬂow conditions were becoming ‘‘wetter but less extreme.’’
In addition to potential impacts of climate change, the signiﬁcant
increasing trend in low-ﬂow conditions observed in the Des60, 1980, and 2004. A. Des Moines River. B. Middle Illinois River.
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nage that occurred coincidently with the expansion in cropland
since the middle of the 20th century, as drains were installed to
funnel sub-surface ﬂow into surface water (Logan et al., 1980).
Estimates of FN concentrations and ﬂuxes from the WRTDS
model, because they eliminate the immediate effect of annual ﬂow
variability, suggest long-term changes over time that potentially
reﬂect changes in nitrate delivery and transport processes rela-
tively unaffected by annual changes in ﬂow magnitude. It is likely
that delivery and transport processes are sufﬁcient in both of these
relatively large rivers to exceed in-stream loss processes like den-
itriﬁcation. Clear and signiﬁcant increases in annual FN concentra-
tions over time were observed for the Des Moines River (Table 4,
Fig. 6), suggesting the inﬂuence of increasing nitrate availability,
especially from fertilizer sources. The wide range of variability
for annual concentrations compared to FN concentrations suggests
that increasing trends in high ﬂows may be at least partially
responsible for the increase in concentrations. It is curious that fer-
tilizer use has been approximately level since 1980, while esti-
mated annual concentrations continued to increase between
1980 and 2004. These results may indicate a legacy of nitrate in
groundwater that has been suggested for streams in the
Mississippi River Basin (Sprague et al., 2011).
The results for the speciﬁc years indicate a changing pattern of
relationship between concentration and streamﬂow that provides
insight into the changing nature of nitrate sources over the time
period of analysis. For the Des Moines River, a clear runoff response
was indicated by the results from both 1960 and 2004, reﬂecting
the importance of a surface nitrate source provided by the applica-
tion of nitrate fertilizer to agricultural ﬁelds (Fig. 7A and C). Surface
runoff dominated by CAFO sources was also suggested by the
increase in concentration resulting from high ﬂows during the win-
ter, prior to fertilizer application in the spring. This pattern was
complicated by the occurrence of high concentrations during
low-ﬂow periods in the winter, however, reinforcing the potential
importance of nitrate delivery processes from transient storage
and/or groundwater sources. The reduced importance of surface-
runoff dominated processes was most pronounced during 1980
when higher concentrations were associated with lower domains
of ﬂow even in the spring season, suggesting groundwater and/or
tile drain delivery processes (Fig. 7B).
Comparing results from 1980 with those from 2004, the rela-
tively small increases in annual FN concentrations and ﬂuxes sug-
gest that efforts to control nitrate delivery have been successful to
some degree, at least in slowing the rate of general increase that
characterized the years between 1960 and 1980. Consistent
increases in estimated FN concentrations during the spring suggest
that control of surface runoff from land sources remains a chal-
lenge. It cannot be determined from the analysis whether surface
runoff from fertilizer or CAFOs contributed more of the nitrate
delivered to the Des Moines River during these years, although it
appears from these results that both sources may be important
under different domains of seasons and streamﬂow. Slow releases
of nitrate from transient storage during the fall and winter season
are apparently also signiﬁcant.
Regarding nitrate export, the observed patterns for the Des
Moines River in both 1960 and 2004 clearly reﬂect the dominant
role of surface-water ﬂow in determining nitrate ﬂux during those
years (Fig. 9A). During 1980, a low-ﬂow year, a much greater pro-
portion of export occurred under low-ﬂow conditions. This period
represented a time of maximum application of nitrate fertilizer as
well as maximum input from CAFO sources, interacting with over-
all increases in low-ﬂow magnitude. These increases in source
material coupled with increases in delivery of that material to
the river at lower ﬂows seems to have combined to create a larger
proportion of nitrate transport under mid to lower ranges of ﬂowduring this period, even while the classic runoff response remained
an important delivery process.
In contrast, the general tendencies toward increased ﬂow were
not observed in streamﬂow data from the Middle Illinois River
(Table 2). This lack of signiﬁcant changes in ﬂow may indicate that
the addition of water from outside the basin via the Chicago Canal
obscures any changes in the underlying ﬂow regime (Table 3).
Nonetheless, similar to the Des Moines River, signiﬁcant increases
in annual FN concentrations were detected for the Middle Illinois
River, associated with increasing use of nitrate fertilizer in the
basin, although they were not as large as those associated with
the Des Moines River (Table 4). Interpretation of the annual results
is complicated by the potential for different nitrate supply mecha-
nisms to be changing over time in opposition to one another.
Increasing control of point sources in the Chicago municipal area
since 1960 would be expected to be most signiﬁcant at lower levels
of ﬂow but may have large inﬂuence on annual mean concentra-
tion. Worsening conditions for non-point or agricultural sources
would be most signiﬁcant at higher levels of ﬂow, and could poten-
tially have a larger inﬂuence on mean ﬂuxes from the basin.
Results from the speciﬁc years reinforce the importance of the
growing population in the Chicago area, as well as the potentially
changing efﬁciency of wastewater treatment during the period of
this analysis. FN concentrations showed an essentially constant
pattern across all seasons and ﬂow conditions during 1960, when
the inﬂuence of wastewater was presumably most pronounced
(Fig. 7D). This pattern suggests generally constant or quasi-equilib-
rium nitrate conditions over the course of the year, which presum-
ably reﬂected a combined input from (1) surface runoff during the
springwhen ﬂowswere generally highest and (2) wastewater efﬂu-
ent during the other seasons when ﬂows were lower. While not
exhibiting a generally constant condition during the subsequent
years, a comparable interaction of processes was likely in effect
depending on ﬂow levels (Fig. 7E and F). In other words, different
nitrate sources may have been associated with speciﬁc and distinct
domains of ﬂow magnitude. For example, surface runoff during the
spring, when the highest ﬂows occurred in the river after the appli-
cation of fertilizer to the ﬁelds, was likely to be the dominant pro-
cess related to the delivery of nitrate from fertilizer sources.
Elevated concentrations under lower ﬂow conditions during other
seasons may have been associated with the effect of wastewater
efﬂuent or baseﬂow from nitrate-enriched groundwater, which
has been documented for regional aquifers (Gurdak and Qi, 2012).
The importance of point sources from Chicago wastewater are
further reinforced by the lack of change in estimated nitrate export
patterns for the selected years (Fig. 9B). These results suggest that
delivery of nitrate under low-ﬂow conditions has consistently been
important evenwhile surface runoff processes associated with high
ﬂow have been the dominant delivery process for nitrate to the
Middle Illinois River across the range of time considered here. The
fact that approximately 0.4 of total nitrate export was estimated
to occur at the median level of ﬂow for all three years suggests a
generally hydrologically constant pattern. This type of pattern is
understood to reﬂect the approximate equivalence of delivery pro-
cesses across the range of ﬂow (Salmon et al., 2001). For this basin,
these results strongly suggest that the most important of these
delivery processes are likely to include surface runoff from non-
point sources at high ﬂow as well as a more constant underlying
input from point sources that are most important at low ﬂow.5. Conclusions
WRTDS model results provide a more nuanced perspective on
the relationship between streamﬂow and concentration compared
to analyses that assume the relationship can be described by a
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dominated delivery process is assumed, the largest proportion of
transport naturally occurs under peak ﬂow conditions. The results
presented here indicate that some aspects of nitrate transport in
these rivers may not conform to this expectation. For example,
the patterns depicted for the Des Moines River during 1980, a rel-
atively low-ﬂow year, show that a signiﬁcant proportion of nitrate
export was estimated to occur under relatively low-ﬂow condi-
tions. A straightforward direct relationship between concentra-
tions and streamﬂow may have been complicated in this case by
the inﬂuence of tile drainage that supplies elevated nitrate to
streams subsequent to peak ﬂow conditions. Tile drains clearly
represent an important delivery process for nitrate in both basins
(Logan et al., 1980) and it is likely that they function to disrupt
the classic runoff response by funneling high-nitrate waters into
streams under lower conditions of streamﬂow. Nitrate transport
during lower levels of ﬂow was also possibly associated with
unregulated CAFO sources during this period, which could have
acted essentially as a constant source for storm runoff discon-
nected from the seasonal pattern of fertilizer application. The
apparent result of these confounding factors was most pronounced
during the winter and summer seasons during 1980, when little
management control over these sources had been exerted.
The interaction of two delivery processes that are effectively
opposed to one another was even more pronounced in the
Middle Illinois River. Point sources that are relatively constant
exert primary inﬂuence when streamﬂow is low while surface run-
off of non-point sources results in the classic runoff response
where concentrations increase at high ﬂow. The inﬂuence of tile
drains across the mid-range of ﬂow is likely also a factor in this
basin. The combination of all these processes apparently results
in the approximate net balance in the delivery of water and nitrate
that was estimated by the WRTDS model. Very little change was
shown in the patterns of nitrate export since the middle of the cen-
tury for this basin, despite the apparent complexity of changes in
the underlying processes over time.
Taken together, these results suggest that a careful evaluation
of the appropriateness of the assumption of stationarity is neces-
sary when trying to understand the relationship between nitrate
export and streamﬂow over relatively long periods of time. The
assumption of a simple surface-runoff relationship is not always
warranted, even for a basin that is dominated by large amounts
of nitrate applied to the land surface. The presence of ancillary
sources and delivery processes that function under mid- to low-
levels of ﬂow becomes especially important when these levels of
ﬂow are increasing over time, as shown for the Des Moines River.
Even where signiﬁcant changes in ﬂow are not observed, as in
the Middle Illinois River, the signiﬁcance of high export under
low-ﬂow conditions when point sources are more important will
be missed if analysis of nitrate export is conducted under the
assumption of stationarity. If one is concerned about the relative
importance of agricultural sources versus municipal sources, it isimportant to be able to accurately assess their contributions with-
out assuming a constant delivery process.
While necessarily speculative in nature, these kinds of insights
are only possible when evaluating results from a model where the
relationship between concentration and streamﬂow is not
assumed to remain constant under all conditions. Furthermore,
they indicate that the implications of model results are fundamen-
tally different when ﬂow-normalized results are considered. By
removing the effect of ﬂow variability on estimated concentrations
and ﬂuxes, it is possible to identify changing patterns and inﬂu-
ences of nitrate sources that help to elucidate critical differences
between them.
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